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Abstract
Green Roofs, also known as living roofs or eco-roofs, are becoming part of American
architectural and engineering design as a method of reducing stormwater runoff.
Although soil roofs have been in use for as long as adobe bricks, modern green roofs
have a larger-scale function. Modern green roofs are used to solve or mitigate a number
of architectural and engineering, stormwater management and ecological problems,
especially in urban settings with large impervious areas. The effectiveness of green roofs
in reducing these problems has been studied primarily in wet to moderately wet climates;
however, relatively little research has been performed in arid or semi-arid climates. This
paper describes an evaluation of the hydrologic performance of green-roof technology in
arid and semi-arid environments. The lysimeter was designed to stimulate the green roof
on Pearl Hall at the University of New Mexico. The physical model was monitored for
one year under climatic conditions typical of Albuquerque, New Mexico. The data
collected included: volumetric soil moisture content over extended dry periods
interspersed with monsoonal precipitation events; a bulk analysis of the substrate, and a
preliminary water balance for the soil.
The results of this study suggest that eco-roofs in arid and semi-arid climates, with or
without plantings, can aid in urban stormwater management. The Albuquerque climate is
typical of other arid environments, consists of long periods of no rain followed by short
but intense storms. During the monsoon season monitored in this study, two storms
delivered over 25 millimeters of rain in less than twenty minutes. As a storm surge in an
urban area this volume of water demands an extensive stormwater management system to
manage it. The results of this study suggest that with a green roof in place, 96% of all
precipitation falling on the roof will not be added to stormwater runoff. During the
period of this study, only those two storms generated enough water that drainage
occurred through the soil column and retained fifty-four and fifty-eight percent of the
precipitation and delayed the surge by fifteen and thirty-five minutes respectively; there
was no breakthrough from any other storm event. The retention and delay of runoff is a
principal goal of the current stormwater best management practices being encouraged by
the U.S. Environmental Protection Agency.
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Introduction
Green roofs, also known as living roofs or eco roofs, are roofs include a layer of
soil on the roof area to support plant growth. Most green roofs have vegetation growing
in the substrate, but that is not a necessity. The development of modern green roofs, and
much of the research done on them, began in Germany in the 1970s (Carter and
Rasmussen 2005, Mentens et al. 2005, Murphy 2007, Oberndorfter et al. 2007, Dunnett
and Kingsbury 2008, Stoven 2008) . Since that time, the majority of the research into
green roofs has focused on their application in moderately wet to wet climates.
Relatively little research has been conducted on the performance of green roofs in arid
and semi-arid environments. This paper presents an analysis of modern green roofs and
the role this type of roof could have on urban stormwater management in arid and semiarid climates.
Green roofs, for the purpose of this study, are defined as any roof that has a layer
of soil, with or without vegetation. These roofs recognize and incorporate the natural
environment in urban planning and design; such as the Leadership in Energy and
Environmental Design (LEED) Green Building Rating System.
Study Goal and Objectives
The goal of this study was to assess the viability of green roofs in arid and semiarid climates as a tool in managing stormwater. In meeting this goal, it presents an
analysis of green roofs and their role as an integral part of the U.S. Environmental
Protection Agency (EPA) Best Management Practices (BMPs) for managing stormwater
runoff under the National Pollutant Discharge Elimination System (NPDES). Specific
objectives of the study include:
• To research existing green roof and BMP literature to assess the applicability
of green-roof technology in the arid / semi-arid environment.
• To monitor the performance of a physical model (lysimeter) of the green roof
installed on George Pearl Hall (the new School of Architecture and Planning
Building, main campus of the University of New Mexico), and to collect data
relevant to the calculation of a water budget for this model, including:
o Precipitation
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o Temperature
o Soil moisture versus depth
• To develop a water balance for the physical model.
• To extrapolate the water balance of the physical model to estimate the water
balance for a full-scale green roof, and
• To evaluate the results of this study in light of stormwater BMPs in arid and
semi-arid climates
This study was undertaken to gain an understanding of green roofs as a tool in
implementing best management practices. Specifically, it evaluated the retention and
delay of stormwater on the green roof installed on Pearl Hall before vegetation was
planted. This study of the green roof installed on Pearl Hall complements the research
done by Murphy (2007).

Her report described the materials selection and the

construction of the Pearl Hall green roof.
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Background and Literature Review
History of Green Roofs
Green Roofs or Roof Gardens have been in use for thousands of years, primarily
as insulation and to control runoff from entering buildings. Oberndorfer, et al (2007),
cite the historical precursors to modern green roofs as the Semiramis’ roof gardens in
what is now Syria. The world’s most famous roof gardens, the Hanging Gardens of
Babylon, were one of the original Seven Wonders of the World.
Roof gardens or green roofs have been used by many preindustrial societies. The
Scandinavians used sod or turf as the final layer over a decking of sawn timber boards
covered with a layer of water resistant birch bark between the timber decking and the
turf. These turf roofs provided insulation and aided in the prevention of heat loss during
the extreme northern winters. The turf roof was brought to the U.S. and used extensively
during the colonization of the grass prairies. A “Soddy” was an entire home constructed
of sod (Dunnett & Kingsbury 2008).
Flat roofs with a dirt covering were also used in the Middle East where mud
bricks were the common building material. These mud-brick houses and turf structures
were made from materials readily available from the area around the home site (Dunnett
& Kingsbury 2008).
In the southwestern United States and northern Mexico, soil roofs were
constructed by the indigenous people using locally available materials. The pueblo style
architecture still in use was traditionally constructed using adobe bricks made from dirt
excavated for the building foundation and the sunken floor within the home. The roof
was constructed using vigas (small diameter trees with the bark removed), a
perpendicular overlay of latillas (smaller and usually split sticks), and then another
perpendicular overlay of grasses with dirt on top of the grasses (Cornerstones 2006,
Young 2009). Sometimes a troweled layer of mud plaster was applied over the grasses to
block dust from the soil layer from falling into the building (Cornerstones 2006). Some
of these flat roofs had native dryland grasses growing on them, either purposely planted
or colonized from wind-blown seeds (Dunnett & Kingsbury 2008).
Unlike the traditional southwestern soil roofs that soak up precipitation, modern
flat roofs are engineered and constructed to divert water to the ground and drain it away
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from the structure as quickly as possible. The rapid removal of precipitation, especially
in urban areas, contributes to flooding problems that need to be mitigated through
engineered infrastructure. Green roofs provide one method of mitigating such urban
stormwater management problems.

In addition to providing insulation and rain

protection, modern green roofs provide a number of architectural and engineering
solutions to modern, especially urban, stormwater management problems. Green roofs
can:
• provide insulation for both heat/cold and sound,
• alleviate the heat island effect that a typical flat or slightly pitched roof adds
to an urban area,
• collect or offset peak runoff from precipitation events, and
• filter air and precipitation (Oberndorfer et al 2007; Mentens, Raes, and
Hermy 2003).
Currently, the U. S. Environmental Protection Agency’s National Pollutant
Discharge Elimination System (NPDES) supports the use of green roofs as one element
of Green Infrastructure. “Green infrastructure applications and approaches can reduce,
capture, and treat stormwater runoff at its source before it reaches the sewer system”
(EPA, 2009b).

Modern Green Roofs, Eco Roofs, Living Roofs and Best Management
Practices
Types of Green Roofs
Dunnett and Kingsbury (2008) classify modern green roofs as intensive,
extensive, or semi-extensive. They characterize each of these types of green roofs as
described below:
1. Extensive Green Roofs: Roofs that have a thin application of growth
media, between 2 and 15 cm [0.79 – 5.91 in]. Typically these roofs
require little maintenance or irrigation. Extensive roofs are usually not
designed for human activity, unless the underlying structure is designed
for bearing heavy loads.
2. Intensive Green Roofs: Roofs that have a thicker application of growth
media, deeper than 15 cm [5.91 in]. These roofs are designed for bearing
heavy loads and can accommodate human activity. These roofs typically
4
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require the same maintenance as gardens on the ground. These roofs also
usually require irrigation because of the harsh climatic conditions that
persist in the roof environment.
3. Semi-Extensive Green Roofs: Roofs that have elements of both the
intensive and extensive green roofs. The green roof on UNM Pearl Hall
could be considered a semi-extensive green roof. The Pearl Hall green
roof has 20 to 23 cm of growth media, limited human activity, and has
limited irrigation of native grasses.
All vegetated green roofs require regular maintenance and probably irrigation.
An intensive green roof or roof garden that has turf and shrubs or vegetables will need the
same maintenance as a lawn or vegetable garden at grade.
Green Roofs in Arid Climates
Most of the green roof research that has been conducted to date has been on green
roofs in moderately wet to wet climates. However, this research has shown that the
micro-climate on roofs, even in moderately wet to wet climates, is exceedingly harsh and
very desert-like, with exposure to high winds, direct solar radiation, temperature
extremes, and drought/flood conditions. Therefore, the types of vegetation that thrive, in
the desert like conditions of all green roofs, are local plants that grow well in desert like
climates and conditions. Green roofs are designed to weigh as little as possible, to have a
high hydraulic connectivity, to retain some moisture for vegetation, but also to dry fast to
limit the roof load.
Green roofs in arid climates do not necessarily need vegetation, but vegetation
can add aesthetic value and evaporative cooling, among other benefits. However, in arid
and semi-arid climates, most vegetation planted on green roofs would need at least some
irrigation, unless the vegetation has a dormant phase as do some New Mexico native
grasses. Two articles in the Albuquerque Journal (2007a and 2007b), give the impression
that all green roofs will have vegetation, and therefore need irrigation. The results of this
study suggest that a green roof does not need plants to be effective as a stormwater
management tool and that an unvegetated green roof may provide many of the other
benefits derived from green roofs.
Green roofs without vegetation are only “Green” in the current use, which uses
the term to indicate non-traditional construction and business practices that are intended
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Changing the name of the green roof without

vegetation to eco-roofs or brown roofs could ease their acceptance as a best management
practice. This strategy has been used in Portland, Oregon where these roofs are classified
as Eco-roofs (EPA 2009a).
Green Roof Costs
Green roofs can add $12 and $25 per square foot to the cost of a conventional roof
(Hunt and Szpir 2006). This extra cost is for engineering certification for structural
reinforcement to carry the load of the soil, the more expensive roofing materials, and
because the soil is delivered loose it can therefore be difficult to transport onto the
building. Projected cost for a 1,800-square-foot flat roof in the Albuquerque area in 2007
was $2,700 to $3,150, or $1.50 to $1.75 per square foot (Albuquerque Journal 2007b). A
1,800-square-foot green roof is projected to cost an additional $24,300 to $48,150 (1,800
ft2 x $12 + $2,700 and 1,800 ft2 x $25 + $3,150) for an equivalent size roof using costs
from Hunt and Szpir (2006).

Green Roofs and Stormwater Best Management Practices
An important feature of green roofs is their ability to decrease or delay the roof’s
stormwater from the entering the surface water system. The stormwater management
problems that modern green roofs can solve or mitigate are related to new stormwater
best management practices (BMPs). In the past, stormwater best management practices
were focused on getting precipitation runoff away from buildings and into local
waterways as quickly as possible (EPA 1999, Mentens, Raes, and Hermy 2003,
VanWoert et al. 2005, Oberndorfer et al 2007).

Green roofs, as part of new best

management practices, instead retain the moisture from light precipitation events, retain
and significantly delay moisture from medium precipitation events and delay the peak
runoff for heavy precipitation events by the amount of time required to completely
saturate the substrate (Carter and Rasmussen, 2005; VanWoert et al. 2005, Mentens,
Raes, and Hermy 2006). When green roofs are used in conjunction with other modern
best management practices, the water yield from heavy precipitation events is channeled
into rain gardens, slopes with swales, or “French Drains” to further slow runoff and
recharge the shallow aquifer (Hunt and White 2001, Dunnet and Kingsbury 2008).
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Development of land results in decreased infiltration as the land is covered with
impermeable surfaces such as streets, parking lots, and roofs (Mentens, Raes, and Hermy
2006, Booth et al. 2004). As impervious surfaces increase in urban areas, stormwater
runoff problems increase, since the infrastructure needed to carry stormwater away is
required to contain higher peak water discharges.
In 2007 the United Nations estimated that in 2008 the world’s urban population
would equal the world’s rural population and from that point forward the urban
population would increase and rural populations would decrease. The report contends
that “urban areas of the world are expected to absorb all of the population growth
expected over the next four decades [3.1 billion] while at the same time drawing in some
of the rural population” (UN 2007).
Urban stormwater runoff, especially the first flush in arid climates, contains many
toxic substances. According to the EPA, urban stormwater runoff is a main cause of
water pollution in the U.S. (EPA 1999). Chris Kloss, of the Low Impact Development
Center, Inc. related that during the East Coast drought of 2006 – 2007, the water quality
in the Chesapeake Bay and estuary improved due to reduced stormwater inflow (GI/LID
2010). Stormwater runoff carries hydrocarbon products from parking lots and highways,
fecal coliform from birds (especially pigeons), pets, leaky septic systems, and feral
animals (EPA 2003). Stormwater in arid climates, such as Albuquerque, can cause
erosion when flowing from impervious surfaces onto bare earth, and therefore can also
carry high sediment loads.
The Albuquerque area Rio Grande watershed “is currently listed on the 20082010 State of New Mexico Clean Water Act §303(d) list of impaired water bodies, with
E. coli bacteria identified as the pollutant of concern” (MRG-A 2010). The Albuquerque
reach of the Rio Grande is also currently classified by the EPA as exceeding the total
maximum daily load (TMDL) for fecal coliform. Figure 1 illustrates the estimated
percentage and source of the fecal coliform in stormwater in the Albuquerque Reach.
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Figure 1: Percentage and source of fecal coliform in the Albuquerque Reach of the Rio Grande,
Source: Middle Rio Grande Microbial Source Tracking Assessment Report, December 2004 from
the Ciudad Soil and Water Conservation Middle Rio Grande-Albuquerque Watershed Project
web site http://www.ciudadswcd.org/specialprojects/riograndewatershed.html.

The U.S. Geological Survey (USGS 2006) measured pollutants in the
Albuquerque reach of the Rio Grande. The USGS found that fecal coliform levels were
elevated after precipitation events that flush pollutants into the city stormwater system,
which then empties into the Rio Grande. This degraded water quality can then impact the
biological community in the Rio Grande.

Zeglin and Dahm (2006) stated that

urbanization increased nutrient delivery via impervious surface runoff that can
overwhelm the complex biotic filtration system in the river.
The results from this study of the Pearl Hall green roof make a case that green
roofs can retain and retard storm water and thereby reduced roof runoff will reduce
impacts of the receiving water’s quality. Green roofs in an arid or semi-arid climate are
controversial for a number of reasons; therefore they have proponents and detractors,
advantages and disadvantages, as discussed below.

8
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Green Roof Advantages and Disadvantages
The potential hydrologic effects of green roofs are varied and complex. The
advantages or disadvantages to a community for using green roofs can be dependent on
many inter-related variables. Water impacts will differ from those in an arid climate;
water law in the eastern U. S. differs considerably from water law in the western U. S.
(Hall 2006); and community and regional planning, including local zoning, could
encourage or discourage green roofs. For example, during an EPA green roof webinar,
Tom Lipton of Portland, Oregon’s Bureau of Environmental Services suggested that a
possible environmental concern with green roofs is increased pollutants in green roof
runoff caused by the application of plant fertilizer. The City of Portland is studying
whether this negative impact is offset by the benefits of stormwater retention and surge
delay (EPA 2009). In the following sections some of the advantages and disadvantages
of green roofs are discussed.
Advantages
Green roofs present a number of advantages over conventional roofs. These
include improved sound and heat insulation, as well as reduction of the urban heat island
effect. Foremost among the advantages in many systems is the decreased runoff peaks
from precipitation events.
Water quantity, and its distribution in time and space, determines the life that can
survive in arid and semi-arid climates. Changes in land use affect this distribution of
water, and therefore affect this survival equation. The clearing of native riparian areas to
create agricultural land, and the construction and use of irrigation canals and drains, tends
to remove water from the rivers and distribute it across the land. The conversion of
agricultural lands to urban areas, which have a higher percentage of impervious surfaces,
further changes the natural hydrograph, including significantly increasing stormwater
runoff. This is the effect of urbanization that developers of green roofs seek to mitigate.
Green roofs have been shown to dampen stormwater surges. The relationship
between retention and runoff for green roofs was studied by Carter and Rassmussen
(2005), and Teemusk and Manders (2007). Both studies found that after a green roof
reaches saturation, the relationship between runoff and retention is similar to that on a
conventional flat roof. VanWoert et al. (2005), observed that runoff from a heavy rain
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was delayed fifteen minutes, but tailed-off over an additional thirty minutes, relative to a
conventional gravel-ballast roof.
A summary of the advantages of green roofs, taken from the literature reviewed
for this study, identifies some advantages for using green roofs in an urban setting:
Ecosystem services: Oberndorfer et al., (2007) describe three categories
of ecosystem benefits provided by green roofs: “stormwater management, energy
conservation, and urban habitat provision.” In arid and semi-arid environments urban
habitat provision would only be relevant if the roof was vegetated. Between 1990 and
2008 Albuquerque lost approximately 15,000 acres of desert to impervious surface
growth (American Forests 2009). Green roofs and green infrastructure could mitigate the
effects of impervious surface growth.
Stormwater Management: Green roofs (vegetated and non-vegetated)
have been shown to reduce and delay the first flush of storm surge water and improve the
quality stormwater discharge (Carter and Rassmussen, 2005; VanWoert et al., 2005; Hunt
and Szpir, 2006, Hilten, et al., 2008; Sovin, 2008). Reducing the volume of stormwater
will reduce the size of stormwater management facilities.
Roofing Membrane Longevity: Roofing materials for green roofs tend to
last much longer than materials used on traditional roofs because the roofing materials
are protected by the soil from the deteriorating effects of ultra violet radiation (USEPA
2000, Murphy 2007, Dunnet and Kingsbury 2008).
Summer Cooling: Summer cooling from green roofs is the result of the
soil mass absorbing solar radiation that is released slowly overnight; rather than
immediately radiating the solar heat back into the atmosphere. Green roof evaporation
and transpiration provide a natural cooling mechanism to the building (Oberndorfer et al.
2007 after Clements and Sherif 1998, VanWoert et al. 2005 after Lukenga and Wessels,
2001; VanWoert et al. 2005 after Dimoudi and Nikolopoulou, 2003).
Winter Heat Retention: Green roofs can act as insulation during cold
weather, though properly applied modern insulation under a green roof will increase the
insulating value. The soil insulating value is soil specific and determined by the soil
characteristics and moisture content (Oberndorfer et al. 2007 quoting Clements and
Sherif 1998, Dunnett and Kingsbury 2008).
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Reduction of the “Urban Heat Island” Effect: Green roofs can mitigate
some of the high temperatures that arise in intensely-developed urban areas (Hunt and
Szpir, 2006). Most of the impervious surfaces in the urban environment are dark and
heat absorbing / radiating surfaces, such as black top and traditional petroleum based
roofing materials (VanWoert et al. 2005; Oberndorfer et al. 2007).
Improved Runoff Water Quality: Ms. Suzanna Perea, US EPA Region
6 Green Infrastructure Coordinator, stated that Green Infrastructure and Low Impact
Design are land development designs that the EPA is promoting to improve water quality
in the U.S. Slowing stormwater and encouraging stormwater to infiltrate have been
shown to improve downstream and groundwater quality (GI/LID 2010).
Improved Air Quality: Vegetation on green roofs is likely to act like
other urban vegetation, which has been shown to “trap airborne particles and to take up
contaminants such as nitrogen oxides (Oberndorfer et al. 2007 after Bass and Baskaran
2003).” However, studies of low growing plants typically used on green roofs, such as
sedums, are lacking and the air quality benefits used for green roofs are projections from
research of urban woody vegetation such as trees and bushes (Dunnett and Kingsbury
2008).
Disadvantages
The primary disadvantages associated with the application of green roofs in arid
and semi-arid environments are: weight of soil, cost, maintenance requirements (hazard
to maintenance personnel), and reduction of stormwater runoff – in a water-short system,
that runoff is relied upon to provide downstream water supply. Following are some of
the disadvantages of using green roofs in arid and semi-arid climates.
Decrease in the Ability to Meet Downstream Flow Requirements:
State, Interstate Compacts, and Federal laws and regulations mandate that surface
water flows meet certain requirements. New Mexico, as obligated by interstate compacts
and by state regulations, has a mandate to meet downstream flow requirements on several
rivers that pass within its borders. In the dry southwest, especially during years with low
precipitation, meeting downstream obligations can be a problem. The lack of winter
snow lessens the mountain headwater snowpack for major rivers and with a minimal
mountain snow pack the spring runoff produces below normal streamflow, which hinders

11

Performance of a Green Roof Lysimeter in an Arid Climate
August 2010

Rick Young

downstream water deliveries. This problem was illustrated at a workshop sponsored by
the Region 6 Environmental Protection Agency Office on Green Infrastructure and Low
Impact Development “Innovative Stormwater Management in an Arid Environment”
(GI/LID 2010). The New Mexico State Engineer, John D’Antonio and the EPA Region 6
Green Infrastructure Coordinator, Suzanna Perea, discussed some of the possible
problems associated with implementation of Green Infrastructure (GI) and Low Impact
Development (LID) in New Mexico. The EPA is encouraging cities to implement Green
Infrastructure and Low Impact Development to slow or capture stormwater before it is
discharged into streams and rivers. One of the major benefits of Green Infrastructure and
Low Impact Development is the improvement of the stormwater quality as it is filtered
through the green infrastructure, such as the substrate of a green roof. However, the State
Engineer pointed out that capturing stormwater could impede deliveries to downstream
users. Also during the workshop was a discussion between Mr. D’Antonio and John
Kelly, Executive Engineer for the Albuquerque Metropolitan Arroyo Flood Control
Authority (AMAFCA). Mr. Kelly said that AMAFCA delivers a large volume of water
to the Rio Grande every year, but when the Rio Grande Compact was signed in 1939
there was virtually no Albuquerque runoff from any storm less than a two-year event. A
two-year storm event for the Albuquerque area is defined as:
• rainfall amount per unit of time – precipitation intensity, and
• precipitation depth per hour over the length of the storm
The precipitation intensity of a two-year storm ranges from 2.74 inches in a five
minute storm to 0.72 inch per hour in 60 minute storm or 0.38 inches per hour over a
three hour storm (– NOAA Atlas 14).

Green Infrastructure and Low Impact

Development would decrease the peak discharge of a stormwater surge. However, Green
Infrastructure and Low Impact Development could also decrease stormwater deliveries to
the Rio Grande that are needed by downstream users, as indicated by Mr. D’Antonio.
The New Mexico State Engineer is responsible for delivering the volumes of
water called for in the Rio Grande Compact. It is commonly understood that all of the
water flowing in the Rio Grande is allocated; there are no new sources of water. Mr.
D’Antonio stated that he is in agreement with the principles behind Green Infrastructure
and Low Impact Development – as long as implementation of Green Infrastructure and
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Low Impact Development does not capture water needed to fulfill Interstate Compacts
and Middle Rio Grande Valley water allocations. He gave two examples of commercial
water capture projects that his office has approved. The first project he named was the
Quail Run subdivision on Albuquerque’s west side that captures all flows from
precipitation events less than a five-year storm (frequency 2.28 inches in 15 minutes, 0.95
inches per hour in 60 minutes, and 0.06 inch per hour in 24 hours – NOAA Atlas 14).
The other project was the Mesa del Sol development on Albuquerque’s south side. The
State Engineer’s Office approved the development’s plan to capture all stormwater
runoff. The Mesa del Sol developers proved to the Office of the State Engineer that,
under pre-development conditions, all stormwater was captured by playas on the mesa
top and never reached the river. Therefore, capturing all of the stormwater that falls on
the developed property (the increase in impermeable surfaces) would not decrease runoff
from the site.
Average yearly runoff in Albuquerque from a study by Bernalillo County (2009)
was reported as 10,127 ac-ft/yr (3.3 x 109 gal/yr). If 25% of that runoff was retained by
green infrastructure there would be 2,255 ac-ft/yr less runoff.
Increased Engineering Requirements
Another disadvantage to constructing a green roof is the extra engineering
involved to certify that the roof can support the dead load of the soil and the live load of
the water-saturated soil, plus the live load of the maintenance crew. Most commercial
buildings must meet modern state and city construction codes. As part of the standard
design process, the architect/engineering firm could design commercial and public
buildings with an increased load carrying capacity for flat roofs without too much
additional design cost; materials costs however, would increase the construction costs.
The International Building Code (IBC 2006) for one- and two-family residences has a
maximum dead load of 30 lbs/ft2 and ground level snow load (live load) of 70 lbs/ft2, for
a total load of 100 lbs/ft2. The density calculations of the saturated substrate used on
Pearl Hall estimated a live load of 118 lbs/ft2 plus the 30 lbs/ft2 dead load; a green roof
would need to carry a total load of 150 lbs/ft2.
Many homes in subdivisions and exurbs are built to standard plans and designs;
even many custom homes are built with the owner choosing from a set of standard plans
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and designs (Young 2009). The fact that many one- and two-family homes are built from
existing designs would mean that when a client picks an existing design for construction
with a green roof, the design would have to be engineered to carry the 50 lbs/ft2
difference in load between standard design and green roof design. Taking an existing
design to an engineer would add extra cost for green roofs on one- and two-family
residences until such time as green roofs are incorporated into a standard design package.
The need to maintain a vegetated green roof would necessitate maintenance crew safety
near the roof edges, around open vents, and near skylights. Southwest Pueblo design
usually incorporates a roof parapet that can easily be made high enough for the safety of
the maintenance crew (see Figure 10).

Water Rights Implications
The rights of New Mexico citizens or entities to retain or decrease surface water
flow originating from precipitation on impervious surfaces is constrained by State,
Interstate Compact, and Federal laws and regulations. The Rio Grande Compact is an
interstate agreement between Colorado, New Mexico, Old Mexico, and Texas that
specifies the allocations of the Rio Grande waters between these states. There are also
treaties with Native American tribes and pueblos which grant these tribes and pueblos
Prior and Paramount right to surface water (Hall 2006). How these constraints could
affect the retention or decrease of surface flows resulting from precipitation runoff from
urban impervious surfaces is discussed in the following sections. The New Mexico
constitution defines the appropriation of surface water in the state.

The Federal

Endangered Species Act mandates protection of species in danger of extinction, such as
the Rio Grande silvery minnow, and therefore is used to mandate water operations and
river flows to meet the critical habitat needs of endangered species.

New Mexico Constitution
Western water law, as applies to surface water and urban runoff from developed
land, is based on the principle of prior appropriation, which is sometimes referred to as
“first in time, first in right”. The right of citizens to appropriate surface water and put it
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to beneficial use is written into New Mexico’s Constitution under Article XVI, Irrigation
and Water Rights. Section Two of Article XVI states that:
“The unappropriated water of every natural stream, perennial or torrential,
within the state of New Mexico, is hereby declared to belong to the public and
to be subject to appropriation for beneficial use, in accordance with the laws of
the state. Priority of appropriation shall give the better right.” Section Three
of Article XVI defines beneficial use as “the basis, the measure and the limit of
the right to the use of water (NM 1911).”
Urban stormwater would be classified as torrential. Like other surface water in
the state, it belongs to the public, and is subject to appropriation. Most water experts in
New Mexico agree that the waters of the Rio Grande are over-appropriated or that there
are more water rights than there is water available for appropriation. The Office of the
New Mexico State Engineer is responsible for administrating water within the state and
the New Mexico Interstate Stream Commission is responsible for meeting the water
deliveries to in-state and interstate downstream users without impacting senior water
rights. Specifically in the Rio Grande, these downstream compact deliveries are to Texas
and Mexico.
Rio Grande Compact
New Mexico, Colorado, Texas, and Mexico are all signatories to the Rio Grande
Compact. This compact apportions volumes of water flowing past specific in-stream
gages in the Rio Grande Basin to signatories downstream of the gages. In the Rio Grande
Compact agreement, the volume of water that New Mexico is required to deliver to Texas
and Mexico is determined by the volume, in acre-feet, of water that flows past the USGS
gaging station (0831300) at Otowi Bridge, on the Rio Grande 10 miles south of Española,
NM. New Mexico is assigned a portion of the river flow recorded at the Otowi Bridge
gage as prescribed by the Otowi Index Supply list (see Appendix D). The other portions
of the river flow past the Otowi Bridge gage are assigned for delivery and storage in
Elephant Butte Reservoir for Texas and Mexico. The volume of water that can be used in
the Middle Rio Grande is prescribed by the Otowi Index Supply, but New Mexico cannot
use more than 405,000 acre-feet per year.
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Article VII of the Compact constrains New Mexico from storing water in
reservoirs upstream of Elephant Butte Reservoir that were constructed after 1929 when
Rio Grande Project water in storage is less than 400,000 acre-feet. (A copy of the Rio
Grande

Compact

circa

1950

is

provided

on

the

enclosed

CD

as

RioGrandeCompact_1950.doc, in the GreenRoofLiterature folder.)
Depletions to the Rio Grande flow in the Middle Rio Grande include the impact
of urban depletion on surface flow (25.8%), open water evaporation (8.6%), riparian
consumption/evapotranspiration

(27.1%),

and

agricultural

consumption

(38.5%)

(Hathaway 2009). The stormwater runoff from Albuquerque and other metropolitan
areas in the Middle Rio Grande Valley flows into the Rio Grande and is used to balance
these consumptive uses by requiring less water taken out of upstream storage. In fact all
of the inflows into the Rio Grande below Otowi gage are used to lessen the demand for
upstream storage water (Hall 2006).

Water in the Middle Rio Grande Valley
This study was performed in Albuquerque, New Mexico, which is in the northern
Chihuahua Desert in the northern portion of the Middle Rio Grande Valley and the state’s
most populous region. The Middle Rio Grande Valley is defined for this paper as the
river reach from Cochiti Dam downstream to the northern boarder of the Elephant Butte
pilot channel, south of Fort Craig, New Mexico (Figure 2). The Albuquerque region is an
arid to semi-arid climate, following are climate statistics from the National Weather
Service (see Appendix E for further climate information and links). Albuquerque climate
statistics for the 30 years from 1961 to 1990:
• received an average 22.6 cm of precipitation a year
• maximum high temperature: 40.56 ºC
• minimum low temperature: -27.22 ºC
• annual average chance of precipitation: 17.1 %
• annual average wind speed: 14.65 km h-1
• annual average percent of available sun: 75.9 %
The total population of the counties that contain the Middle Rio Grande Valley:
Bernalillo, Sandoval, Socorro, and Valencia was estimated by the University of New
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Mexico’s Bureau of Business & Economic Research (BBER) as 860,000 people in 2009;
the projected population for 2035 is 1,530,000 which is approximately half the State’s
population (see Attachment_A_Calculations, BBER folder). As the population in the
Middle Valley continues to increase reallocation of water from agricultural to municipal
and urban use will continue. The area that is converted from agricultural land to urban,
suburban, and exurban will undoubtedly increase – with a corresponding increase in
impermeable area. The water needed by the increased population will come from the
retired agricultural water rights.
Agriculture in the Middle Rio Grande Valley is slowly diminishing.
Albuquerque, as do other metropolitan and industrial users in the Valley, is required by
the Office of the State Engineer, to purchase surface water rights to offset groundwater
mining. In a Land & Water Planning in the Middle Valley workshop at the University
School of Law, Cecilia Rosacker-McCord (2008) presented to the workshop a slide
showing transfers of 6,000 acre-feet of water rights from agricultural use to the City of
Albuquerque for municipal use in the twenty-years from 1985 to 2005. Albuquerque
purchased these water rights to meet requirements for urban water supply.
As noted above, the waters of the Middle Rio Grande Valley are generally agreed
to be over-appropriated. The use of green roofs and other Green Infrastructure would be
likely to decrease the volume of water that reaches the Rio Grande and therefore decrease
the water available to meet surface water appropriations in this already overstretched
system. The laws and agreements discussed above provide constraints on the degree to
which green-roof technology can be applied in the Middle Rio Grande.
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Figure 2: New Mexico and the Middle Rio Grande Valley from Cochiti Dam downstream to the
northern border of Elephant Butte Reservoir. Source: SSPA 2004.

During the summer irrigation season in dry years such as 2003 and 2004, the river
runs dry in some reaches. Managing the river through the Middle Rio Grande Valley can
be a challenge for the water managers. The U.S. Fish and Wildlife Service’s Biological
Opinion for the endangered Rio Grande silvery minnow and southwest willow fly catcher
in Middle Rio Grande Valley (FWS 2003) mandates specific flows in the river at specific
times of the year for specific runoff conditions (See also the folder 2003_RGSM_BO in
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the GreenRoofLiterature folder on the enclosed CD for the complete document). For
example seventy-five miles of the river, downstream of the Isleta Diversion Dam ran dry
during the summer drought conditions of 2003. The drying occurred from the Isleta
Diversion Dam (approximately three river miles south of Albuquerque city limits)
downstream to the northern end of Elephant Butte Reservoir. The river stayed whole in
the Albuquerque reach of the Rio Grande because of the flow mandates set forth in the
U.S. Fish and Wildlife Biological Opinion (FWS 2003).

In 2009 the City of

Albuquerque’s Drinking Water Project came on line and the project began taking a
portion of Albuquerque’s annual allocation of 45,000 acre-feet of San Juan-Chama
Project water. Albuquerque’s 45,000 acre-feet allocation of San Juan-Chama Project
water does not include an additional 45,000 acre-feet conveyance water that will also be
withdrawn from the river and returned downstream at the South Side Water Reclamation
Plant. Prior to Albuquerque’s using its San Juan-Chama allocation for municipal supply
that water was either sold or leased to be used in the Middle Rio Grande Valley. That
water will no longer be available and the uses that the water was put to will have to find a
different source of water or be curtailed.
In the arid Middle Rio Grande Valley, municipalities are attempting to purchase
surface-water rights to offset the effect that mining of the aquifer is having on the surface
flows in the Rio Grande (Hathaway 2009). A water supply study performed by S. S.
Papadopulos and Associates, Inc. (Papadopulos 2004) on the Middle Rio Grande Basin
concluded that consumptive water use is greater than the combination of inflow and
recharge to the basin. Applying new best management practices, such as green or ecoroofs on buildings in the basin could further negatively impact the water balance by
decreasing stormwater runoff. In the green roof lysimeter used in this study the over-all
retention rate was ninety-six percent.
A further conclusion of the Papadopulos study (2004) was that as the population
in the Middle Rio Grande Valley grows, the aquifer depletions will have to be off-set by
changes in usage, through conservation and reallocation.
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Project Objectives
The goal of this study was to assess the viability of green roofs in arid and semiarid climates as a stormwater management tool. To this end a lysimeter was constructed
as a physical model of the Pearl Hall green roof. The lysimeter was constructed using the
same materials as were used in the construction of the Pearl Hall green roof. The
lysimeter was equipped with a rain gage, soil moisture and temperature sensors, and a
drain to capture rain water discharge through the lysimeter. The objective of the research
was to study the performance of the soil’s ability to retain and delay stormwater. The
following sections detail the study methods used and the results obtained from the study
methods.

Study Methods
The methods used in this study are aimed at meeting the goal of the study, which
is to assess the viability of green roofs in arid and semi-arid climates as a stormwater
management tool.
The experimental portion of this study involved:
• Construction of a physical model of a green roof,
• Evaluation of the attributes of the model,
• Monitoring the behavior of the model in the arid climate of Albuquerque,
New Mexico.
The green roof that was modeled for this study was the roof installed on a portion
of the George Pearl Hall, the new University of New Mexico School of Architecture and
Planning, which opened for use at the beginning of the spring semester in 2008. This
data collection program focused on collection of hydrologic and precipitation data from
the working lysimeter of the Pearl Hall roof before vegetation was planted on the roof.
The methods used in this study were drawn from


Current scientific green roof, green infrastructure, and low impact design
research and analysis protocols.



Research done by others in various scientific disciplines that relates directly to
green roof analysis



ASTM testing standards
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Personal experience

Erin Murphy (2007) performed an in-depth study of the background, planning and
construction of Pearl Hall. Murphy’s study included detailed descriptions of materials
and methods used in the construction of the green roof on Pearl Hall.

Her study was

used as a basis for the selection of materials and construction methods for the lysimeter
of the green roof that was used to collect data for this study.
Lysimeter Construction and Materials
A 20- by 12-inch (20 gallon) galvanized washtub was purchased and the inside
was coated with two coats of Rustoleum® exterior paint (Figure 3a). A one-and-threeeighths-inch-diameter hole was drilled in the bottom and a one-and-one-quarter-inch
lavatory drain was attached (Figure 3b).

Figure 3a: Inside of physical model with two
coats of Rustoleum® and drain.

Figure 3b: Exterior of the physical model with
drain extension.

Samples of the underlayment, the drain board and the water retention mat that
were used on the Pearl Hall green roof (Murphy 2007) were obtained from Chris Smith at
National Roofing. In March 2008, two five-gallon buckets were filled with random
samples of the soil collected at various depths from the Pearl Hall’s green roof before the
soil was leveled and planted. The soil in the two buckets was weighed on a digital
bathroom scale. The weight in Bucket A and B was as follows:
Bucket
A
B

Table 1: Physical Model Measured Material Weights
Gross Weight (lbs) Bucket Weight (lbs)
Soil Weight (lbs/ft3)
36.6
1.8
23.3
35.0
1.8
22.2
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Total weight of soil used was 45.5 lbs/ft3 at the start of the lysimeter setup on
May 3, 2008. The composition of the substrate mixture was calculated by volume as
20% organic matter mixed in with the 40% pumice (light colored, frothy, glassy rock –
Dictionary of Geology online) and 40% scoria (very bubbly basalt or andesite; scoria is
more dense and darker than pumice– Dictionary of Geology online) as per construction
specifications for the Pearl Hall green roof (Murphy 2007).
The lysimeter was placed in a location where it would get direct sun from just
after sunrise to just before sunset and approximately 1.5 miles from the Pearl Hall green
roof (Google Earth straight-line measurement). The washtub was set on a wrought iron
patio table where the tub drain passes through the umbrella hole and drains into a
calibrated plastic mixing bucket (Figure 4). The washtub was secured to the wrought
iron table with plastic ratchet ties. A tipping bucket rain gage was installed next to the
model and above the height of the tub. The rain gage, an Oregon Scientific: Rain and
Temperature Station, Model: RGR202 was leveled and secured as shown in Figure 5 (For
rain gage specifications see Appendix A). The rain gage was set slightly above the
lysimeter to reduce rain shadow from the tub. The sheltered LED gage readout was
placed approximately 30 feet from the rain gage.

Figure 4: Physical model and drain
set up.

Figure 5: Oregon Scientific tipping-bucket rain gage set
up.
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The materials and substrate are layered in the sequence as the materials and
substrate above the impervious roofing materials in place on Pearl Hall (Murphy 2007).
The first layer placed into the physical model was a 2.8 square-foot (0.26 square meter)
piece of CCW MiraDrain GR9200 Drain Board, with a 0.4-inch profile and a flow rate of
140-145 gallons per minute per square foot (Murphy 2007, Carlisle 2010), as shown in
Figures 6a and 6b; the drain board was a component of the Carlisle Roof Garden
Waterproofing System. Overlaying the MiraDrain Drain Board was a 2.8 square-foot
piece of Carlisle Moisture Retention Mat, shown in Figure 7, which was a half-inch-thick
layer “of needle-punched, recycled synthetic fibers” (Murphy 2007, Carlisle 2010).

Figure 6a: Drain board top view.

Figure 6b: Drain board profile view.
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Figure 7: Drain board and water retention mat preliminary fitting.

After the drain board and water retention mat were fitted, the substrate was
layered into the tub along with the soil-moisture sensors. The substrate and sensors were
installed in accordance with the specifications for the ECH2O® Dielectric Aquameter (see
Appendix B for instrumentation specification sheets), which call for each sensor to be set
with a three-inch separation from other sensors and metal objects (such as the wall of the
wash tub). The soil was laid into the tub in three-inch lifts, with an ECH2O® Dielectric
Aquameter soil moisture sensor placed at the top of each three-inch lift, except for the top
sensor which was set approximately one-half-inch below the substrate surface. The 12Bit Temperature Sensor was set at approximately four and a half inches from the bottom
of the tub and approximately ten inches from all sides. The installation of the substrate
and sensors is illustrated in Figures 8a – d.
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Figure 8a: first three-inch lift with bottom soil
moisture sensor.

Figure 8b: first-three inch lift with bottom
soil moisture sensor.

Figure 8c: completed model set up, top view.

Figure 8d: completed model set up, elevation
view.

The ECH2O® Dielectric Aquameters and 12-Bit Temperature Sensor were
connected to a HOBO® Micro Station that was attached to a pressure-treated 4-inch x 4inch x 24-inch post set in the ground and strapped to the wrought iron table. The
volumetric soil moisture content (θ) measurement range was 0 m3/m3 to 0.405 m3/m3,
which represents zero soil moisture to full soil saturation; these values are typically
expressed as a decimal or percentage of full soil saturation. The operating temperature
range is given in the specifications sheet as 0 °C to + 50 °C; however, field experience
with these soil moisture sensors showed inaccuracies when soil temperatures were greater
than 40 °C (Bonfantine 2008). The first data logger download after the 3 May 2008
installation was performed on 5 May 2008 to confirm that the electronics were
functioning according to specifications. The first recorded precipitation was on 15 May
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2008. The record of precipitation events during the monitoring period is provided in
Appendix C.

Volumetric Soil Moisture Content in Unsaturated Soil
Volumetric soil moisture data and temperature data were downloaded 1 June
2008. The data showed that the substrate temperature in the middle of the model was
reaching temperatures outside of the sensor’s optimum operating range of 0 °C to + 40 °C
(Bonfantine 2008). It was assumed that the daily maximum soil temperature would result
in errors of the sensor’s reading of volumetric soil moisture content. Because of the
elevated soil temperatures, the lysimeter was moved on 8 June 2008 from the original
location that exposed the model to direct-sun all day to a new location with mid-day tree
shade. The new location was selected to limit the solar heating of the exterior of the
physical model. Figure 9 illustrates the soil temperatures before the model was moved,
shown as the dark-blue line 30-May-08 and the pink line 7-Jun-08 and the resulting
change in soil temperatures as shown by the grey line (9-Jun-08).

Temperature change from Direct Sun to Patial mid-Day Shade
60

50

Temperature (degrees Celsius)

Full-Sun Location

40

30

Partial Shade Location

20

10

0
22:48

3:36

8:24

13:12

18:00

22:48

Time of Day (hh:mm)
30-May-08

7-Jun-08

9-Jun-08

Figure 9: Comparison of daily soil temperature patterns in the green-roof lysimeter under full-sun
conditions to those of partial shade.
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In the new location the lysimeter received direct sun from sunrise to
approximately 10 a.m. and was in tree shade until approximately 3 p.m. From 3 p.m.
until sunset the model was again in direct sunlight. The tree shading the model was
forty-feet south of the model and the overhanging branches were approximately 30 feet
above the model. As illustrated in Figure 9, the soil temperature data collected after the
model was moved indicated that the resulting soil temperatures in the new location were
within the recommended optimal operating range of 0 °C to + 40 °C (Bonfantine 2008).
The solar exposure at the new location is consistent with that experienced by the
Pearl Hall green roof. The Pearl Hall green roof receives direct sun from sunrise to late
in the afternoon when it is shaded by the two stories above the roof to the west. The
Pearl Hall green roof is shown in Figure 10

Figure 10: Green roof on Pearl Hall, at 1:30 p.m. 5 April 2010.
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Temperature and Dielectric Constant
The data downloaded from the soil-moisture and temperature sensors exhibited a
pattern of diurnal fluctuation in the soil moisture that paralleled the diurnal temperature
fluctuations. Fitts (2002) described a phenomenon in which a substrate that was being
heated by the sun could release moisture stored by surface tension and capillarity.
However, the scale of this phenomenon did not fully explain the extent of the observed
fluctuations (see Figures 12 and 13).
Seyfried and Murdock (2001), Kennedy et al. (circa 2004), and Colin Campbell
(Undated pre-2008) observed that temperature changes can affect the volumetric soilmoisture-content values calculated by soil moisture sensors, if the soil moisture sensors
use the dielectric constant of the soil to calculate soil moisture. This “dielectric constant /
temperature effect” is a more plausible explanation of the observed trends in the data, and
is explored further in the Discussion section.
Calibration of the Volumetric Soil Moisture Sensors
Soil moisture data collected during the first month of monitoring the lysimeter
suggested a need to calibrate the soil moisture sensors.

Therefore, an effort was

undertaken to calibrate the top sensor, and apply the offsets from that calibration to the
other sensors. On 12 June 2008 the top soil moisture sensor was removed from the
model and placed in a tray filled with distilled water for 1.5 hours, as per the
manufacturer’s calibration specifications. The difference between the last in situ soil
moisture reading of the top sensor and the reading at the finish of calibration was then
applied to all of the existing data from all the soil moisture sensors and at that time all of
the sensors were synchronized. However, all of the soil moisture data collected from
May through December 2008 showed the same need to calibrate the sensors. Therefore,
on 23 February 2009, all three of the volumetric soil moisture sensors were calibrated and
all soil moisture data sets were back-calculated to reflect the offsets determined from the
calibration process. While the sensors were out of the substrate for calibration, random
grab samples of substrate were removed for later analysis.
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Bulk Density of Lysimeter Substrate
On 10 May 2009 a preliminary volumetric bulk density calculation was
performed following the procedure outlined in Fitts (2002). A random sample of the
growth media was taken from the top of the physical model. The previous eight days
were hot and dry, with daytime temperatures reaching 32.22 °C (90 °F) and relative
humidity around 15% (National Weather Service 2009). Therefore, the sample taken was
considered dry enough for an estimate bulk density calculation (θ = 0.06 m3/m3 at ~ 3.8
cm from surface). A scale sensitive to 1 gram was zeroed to a 200 cm3 container and 75
grams of water was added to the container, followed by 145 grams of the random
substrate sample.

Substrate Dry Bulk Density
Three saturated substrate samples were analyzed in February 2010 in the UNM
Civil Engineering Laboratory to determine the mass of the bulk samples. The three
samples were kept saturated for a few months prior to the laboratory analysis to assure
total saturation of the pumice and scoria. The samples were analyzed following the
standards set forth in the ASTM Designation D 2216-92 Standard Test Method for
Laboratory Determination of Water (Moisture) Content of Soil and Rock. These same
samples were also analyzed to determine the organic content of substrate for future use in
calculating water moisture content of each substrate component.
Each of the three samples were divided in half and each half-sample was weighed
individually because the total weight of one saturated sample and tray exceeded the limit
of the digital scale. The half-samples were recombined and placed in labeled aluminum
pans.

The labeled trays were inserted into the oven set at 105 ºC (see

Attachment_A_Calculations: Soil_BakeBurn_03-31-2010.xls on the enclosed CD). The
samples were baked in the oven for 25 hours; the trays were removed one by one and
reweighed.
After the substrate was dried, each tray was emptied into weighed 100 ml glass
beakers, the beakers containing the dried samples were placed in a muffle furnace at 550
ºC. A blank consisting of un-dried substrate was used to compare to the dried samples to
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determine whether it was necessary to dry the substrate before samples are incinerated to
combust the organic component of the substrate.
Beaker 1, the substrate sample that wasn’t dried (to determine if samples need to
be dried before incineration), and beaker 2, tray 1, were placed in the 550 ºC oven on 2
February 2010. The beakers were kept in the oven for two hours. Beaker 2 was removed
from the oven after an hour and reweighed, replaced in the oven for a half-hour, taken out
reweighed, etc. for two hours. The change in mass between 15:31 and 15:42 was 0.02
grams and the assumption was made that the organics had been combusted.
Beaker 3, tray 2 and beaker 4, tray 3 were placed in the oven 3 February 2010 and
the samples were fired for approximately four hours. The exact length of time in the 550
ºC oven is unknown as others were using the oven to incinerate filter papers during the
same period. The final change in mass from 16:00 to 16:55 was 0.25 grams for beaker 3,
tray 2 and 0.12 grams for beaker 4, tray 3.
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Study Results
The data collection portion for study of the physical model of the Pearl Hall green
roof began on 3 May 2008 and ended on 31 December 2008. The study data collection
was terminated because of light snow fall and the diurnal temperatures fluctuated
between -2 and 2 ºC causing the rain gage to malfunction at the turn of the year.
The physical model of the Pearl Hall green roof had an overall retention rate of
96% of all precipitation that fell during the study period. The rain gage at the study site
recorded eight-heavy precipitation events (> 6 mm), which had a overall retention rate of
87%. The two events that produced a water yield were both greater than 25 mm and had
a combined retention rate of 56%. Both events delayed the surge by 15 and 35 minutes,
respectively.
Results of the hydrologic data collection activities and laboratory analyses
performed as parts of this study are presented in the following sections.
Substrate Bulk Density & Mass Results
Volumetric Substrate Bulk Density
The results for the 10 May 2009 volumetric bulk density calculations described in
the Methods section are provided in Table 2.

(See Attachment_A_Calculations,

Volumetric Dry Bulk Density Calculations.pdf on the enclosed CD)
Table 2: Estimated Soil Bulk Density 10 May 2009
Volume (cm3)

Phase

Mass (g)

Bulk Density (g/cm3)

60.43

Air

0

0

75

Water

75

1

54.72

Solids

145

2.65 (0.53 organics)

190.15

Total

220

1.16

Water Content of Substrate by Weight
The results for the 1, 2 and 3 February 2010 mass of the bulk samples calculations
as

described

in

the

Methods

section

are

provided

in

Table

3.

(See

Attachment_A_Calculations, Soil_BakeBurn_03-31-2010.xls for calculations on the
enclosed CD).
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Table 3: Soil Water Content, 2/1/2010
Initial Mass =
Dried Mass = initial
saturated substrate
substrate mass
mass minus tray
minus dried
mass (g)
substrate mass (g)
157.78

100.23

Tray 2

171.55

108.11

Tray 3

179.59

110.07

Water Mass (g)
Water Mass (%)

57.55 (g)
50.60%
63.44 (g)
48.56%
69.52 (g)
51.86%

Organic Content of the Substrate by Change in Mass
The average organic content from the three dried samples was 3.8% by weight.
The blank, Beaker 1, after two hours at 550 ºC still had visible un-combusted woody
matter. The fact that all of the organics in the blank, Beaker 1, did not combust at the
same rate as the other samples suggested that either drying the substrate prior to
incineration was needed or that a longer incineration time was called for. All of the
beakers had to be stirred when removed from oven to expose the organic matter to air.
The incineration could have been more complete using a tray where the substrate would
have a greater surface area and less thickness than in the column of the beaker.

Table 4: Soil Organic Content, 2/2 and 2/3/2010
Initial Mass =
Burned Mass =
Organic Content
substrate mass
initial substrate
Mass (Δg)
minus beaker mass
mass minus dried
Organic Content
(g)
substrate mass (g)
Mass (%)
Beaker 1
76.4
73.43
2.97 (Δg)
(Un-dried Sample)
1%

Substrate Sample

Beaker 2 (Tray 1)

93.06

90.00

Beaker 3 (Tray 2)

100.17

96.18

Beaker 4 (Tray 3)

100.81

96.64
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The bulk density of the saturated substrate was approximately 1.16 g/cm3 or 1,160
kg/m3. The green roof on the Pearl Hall is approximately 600 ft3 (400 ft2 x 8 in) or 17 m3
which equals 19,720 kg/ m3 for the roof density (20 metric tons or 22 English tons).

Precipitation, Retention, and Water Yield
During the time frame covered by this paper, from 3 May to 31 December 2008,
there were a total of 35 precipitation events. Twenty-eight of the 35 precipitation events
were recorded by the study rain gage. The rain gage was untended during the first two
weeks in July 2008. In the third week of July the total precipitation was compared to the
site recorded events and a difference between the rain gage total and the site record was
discovered as greater than one-inch. To explain this difference in precipitation records,
NWS Albuquerque Sun Port records were reviewed, were deemed reasonable, and were
substituted into to the project’s precipitation database.

There were also seven

precipitation events that did not cause the rain gage tipping bucket to tip and record the
events, as illustrated by Figure 14 for 26 June 2008, making 28 precipitation events used
in the data analysis process for this paper. There were two snow falls that were recorded
the following day when the snow melted.
The model in the study that is the subject of this paper received a total of 171 mm
precipitation from 28 measured rain events over 242 days. The precipitation events were
classified using the classification developed by VanWoert et al., (2005). During the data
collection period there were 10 light (< 2 mm), 10 medium (2-6 mm), and 8 heavy (> 6
mm) precipitation events. The retention rates for the light and medium precipitation
events observed during this study was 100 %. The eight heavy precipitation events had a
combined average retention rate of 87%. Figure 11 illustrates the variety of precipitation
events recorded by the project rain gage between May and December, 2008.
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Figure 11: Twenty-one precipitation events recorded by the project rain gage in the eastern Nob
Hill area of Albuquerque and seven rain events recorded by the NWS at the Albuquerque Sun
Port, May through December 2008
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Discussion
The goal of this study was to assess the viability of green roofs in arid and semiarid climates as a tool in managing stormwater. The results of this study indicate that
green roofs in arid and semi-arid climates will assist in managing stormwater runoff by
retaining and delaying storm surge. In meeting this goal, this paper has presented an
analysis of data collected from a physical model of an existing green roof constructed on
a portion of Pearl Hall, the new University of New Mexico School of Architecture and
Planning. The construction of the lysimeter, monitoring of precipitation and volumetric
soil moisture has added to the sparse data available on green roofs in arid and semi-arid
climates. The analysis of the lysimeter data demonstrates that green roofs can function as
an integral part of the U.S. Environmental Protection Agency (EPA) Best Management
Practices (BMPs) for managing stormwater runoff under the National Pollutant Discharge
Elimination System (NPDES) in arid and semi-arid climates.
The overall stormwater retention rate of 96 % found in this study appears to be
consistent with other green roof studies in wet or moist climates, such as the VanWoert et
al. study (2005), at the Michigan State University in East Lansing, Michigan. The
individual stormwater retention rate for the only precipitation events that produced a
water yield are also consistent with other green roof studies and with the EPA’s BMPs
for managing stormwater runoff.
In the following sections a discussion of data collection and results from this
study are referenced to data collection and analysis of other studies that are relative to
green roofs in arid and semi-arid climates.

Soil Moisture and Temperature
In the Temperature and Dielectric Constant section, two studies were referenced
to explain the parallel relationship between temperature and volumetric soil moisture
content. Colin Campbell’s (Undated pre-2008) research for Onset Computer Company
and Decagon Devices, Inc., manufacturers of the ECH2O® Soil Moisture Sensor applied
directly to the soil moisture sensors used in this study. Campbell’s research concluded
that the ECH2O® Soil Moisture Sensor did “show an extremely low sensitivity to
temperature fluctuations.”

Campbell’s conclusion differs from that of Seyfried and
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Murdock (2001) who used a Water Content Reflectometer manufactured by Campbell
Scientific and found that temperature significantly affected the electrical conductivity of
all soils. The Seyfried and Murdock study was performed under similar conditions to
those reported by Campbell.
Figures 12 and 13 illustrate the effect that temperature has on volumetric soil
moisture readings collected as part of this study (see also Figure 14). Both figures show
the temperature and soil moisture data collected from the middle of the physical model in
June 2008. Figure 12 graphs the soil temperature and volumetric soil moisture during an
extended dry period, and Figure 13 graphs the temperature and volumetric soil moisture
content readings in the lysimeter after a precipitation event that occurred following 43
consecutive days without recorded precipitation.

Figure 12: Volumetric soil moisture and temperature under dry conditions 12 June to 14 June
2008
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Figure 13: Volumetric soil moisture after a rain event; the dashed line represents the soil moisture
content without the instrument “noise”.

Bernd Leinauer (2009), New Mexico State University (NMSU) Turfgrass
Specialist, reviewed the soil moisture data collected as part of this study. He confirmed
that there is a correlation between soil temperature and soil moisture content readings. He
expressed caution in the accuracy of volumetric soil moisture below 5% and he also
pointed out that 2% of the variance in the soil moisture readings in Figures 12 and 13 is
likely “noise”.

Soil Moisture
The substrate in the lysimeter, behaved as a porous soil. The difference between
saturated and unsaturated flow is that in the unsaturated flow the hydraulic conductivity,
K, is not constant and is proportional to θ, as is pore-space water pressure (Fitts 2002).
Precipitation that fell on the surface of the model either infiltrated or evaporated,
depending on climatic conditions and soil moisture content. For example, a brief rain
shower that was not recorded by the rain gage evaporated from the top three inches of the
substrate rather than infiltrate as shown in Figure 14.
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Figure 14: Three selected precipitation events chosen to illustrate evaporation and infiltration.
Prior to the recorded event on 29 June 2008, no precipitation was recorded at the study site for a
period of 43.

On 26 June 2008, there was a precipitation event not recorded by the study rain
gage, which the National Weather Service listed as a “Trace”; the rain event increased the
volumetric soil moisture content recorded by the top sensor only, Figure 14. The rain
event on 29 June influenced the soil moisture content recorded by the middle sensor
within an hour and appears to have slowly infiltrated over eight days to influence the soil
moisture content recorded by the bottom sensor. A rain event on 3 July did not appear to
immediately influence the soil moisture content recorded by any of the sensors; however,
the volume of precipitation was less than the volume of soil moisture detected by the top
two sensors and does appear to have slowed the soil moisture drying rate recorded by the
top sensor.
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Precipitation Data and Analysis
Stormwater Retention
The applicability of green roofs in arid and semi-arid climates hinges on the green
roof’s ability to retain or delay stormwater surges from precipitation events. The water
that is retained by a green roof substrate will evaporate or if the roof is vegetated, will
evapotranspirate. The soil in the study lysimeter retained 96% of the precipitation
recorded by the study rain gage. The overall performance of the lysimeter of the Pearl
Hall green roof that was used for this study was 96% overall, an average of 87% for all
recorded precipitation events greater than 6 mm, and an average of 56% for the two
monitored precipitation events greater than 25 mm.
A white paper written for the Phoenix Planning Commission (2006) reported a
summer stormwater retention rate of 70 to 90% and a winter retention rate of 25 to 40%.
The paper did not cite its data source, but the retention rate does not differ significantly
from the retention rate found in this Pearl Hall study. The paper reports that a grass roof
with 4 to 20 centimeters of substrate can hold 9 to 15 centimeters of water (PPC 2006).
At the Spring Meeting of the Chartered Institution of Water and Environmental
Management in Austin Court, Birmingham, England, Virginia Stovin (2008) presented
green roofs as an excellent stormwater management tool for wet climates. The test plot
that was used in her study had a substrate layer composed of crushed brick and fines, 80
mm (3.14 in) thick and vegetated with sedums. The test bed system was a commercial
green roof manufactured by Alumasc/Zinco. The substrate overlay a filter membrane and
a drainage layer. The preliminary results of this study found that a 9.2 mm (0.36 in) rain
event had a “61% stormwater retention value”. For 11 rain events monitored during the
spring of 2006 the investigator found an overall average volume retention of 34% and an
average peak reduction of 57% (Stovin 2008).

Stovin also found that with longer

antecedent dry weather periods, the stormwater retention increased as did the reduction of
the peak runoff.

The stormwater retention in Stovin’s study was lower than the

stormwater retention results observed in this Albuquerque study. The difference in
retention can be explained by the difference in substrate thickness and precipitation
volume and frequency. The substrate in Stovin’s study reached saturation quickly but
still reduced the peak flow. The volume of rain is also greater in England, one storm
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event dropped 115.8 mm (4.6 in) of precipitation, which is half of Albuquerque’s average
annual precipitation.
In a stormwater retention and quality study of the American Society of Landscape
Architect’s (ASLA) 3,000 square foot roof in Washington, D.C., Charles Glass (2007)
reported an overall stormwater retention of 74%; (96% Pearl Hall study) with only 15 out
of 65 precipitation events producing runoff through the green roof. The Pearl Hall study
had 7% discharge producing events compared to the 23% discharge producing events for
Glass. The study found that, when the ASLA roof was new, the initial runoff from a
precipitation event contained quantities of nutrients (phosphorous and nitrogen) that
decreased with successive precipitation events (Glass 2007).

The concentration of

nitrogen in the runoff was found to be the same as in the rainwater, which suggests that
with 74% retention of stormwater, the level of nitrogen released from the green roof
would be lower than the concentration of nitrogen entering the stormwater runoff from an
impervious area equal to the ASLA roof.

There were no chemical analyses of

precipitation or water yield discharge performed during the course of this Pearl Hall
green roof study.
Mentens et al. (2006) reviewed the rainfall / stormwater runoff data published in
18 European studies to develop a retention baseline for various roof types. They found
that:
• intensive green roofs, roofs with an average substrate depth of 210 mm (8.27
in), approximately the same thickness as the Pearl Hall green roof, had an
average stormwater retention rate of 75%
• extensive green roofs, roofs with an average depth of 100 mm (3.94 in), had
an average stormwater retention rate of 50%
• gravel covered roof, roofs with an average gravel cover of 50 mm (1.97 in),
had an average stormwater retention rate of 24%
• non-greened roof, roofs with no covering (i.e. black tar roof membrane, foam
roofing, etc.), had an average stormwater retention rate of 19%.
As in all of the studies reviewed for the Pearl Hall lysimeter study, there are
various factors that contribute to stormwater retention, such as the slope of the roof and
the depth of the substrate, but the two most relevant factors are the antecedent weather
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conditions combined with the storm intensity (mm/hr/area). A dry or slightly moist green
roof will retain more of a precipitation event than a roof that is partially saturated.
The VanWoert, et al. study, Green Roof Stormwater Retention: Effects of Roof
Surface, Slope, and Media Depth (2005), performed at Michigan State University is a
green roof, stormwater retention study that is cited quite often in recent literature.
VanWoert, et al., constructed three lysimeter commercial roof platforms 2.44 x 2.44
meters (8 ft x 8 ft). Each platform was divided into three equal sections, with each
section treated as a single roof as shown in Figure 15. Each section drained into a trough
that emptied into a runoff / water yield measuring device.

Each platform had a

precipitation gage. Within two of the three sections of each platform a drainage layer 1.5
cm (0.6 in) thick was installed on top of the commercial roofing materials; two water
retention mats 0.75 cm (0.3 in) thick with a combined water retention capacity of 2,000
g/m2; with a substrate layer of 2.5 cm [0.98 in].

Figure 15: Model-scale Commercial Roofing platforms used to evaluate stormwater retention in
the roof surface comparison study by VanWoert et al. (2005).

VanWoert et al. had three types of roof treatments that were applied to each
platform:
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1. Extensive green roof with 100 % vegetation cover; Sedums were used,
they are succulent plant that can survive the harsh roof top climate.
2. Extensive green roof without vegetation.
3. Non-green conventional, commercial roof with 2 cm (0.79 in) of gravel
ballast.
The composition of the “growing media” used by VanWoert et al. was “40% heatexpanded slate (gradation 3-5 mm), 40 % USGA (United States Golf Association) grade
sand, 10% Michigan Peat, 5% dolomite, 3.33% composted yard waste, and 1.67%
composted poultry litter by volume.” The Pearl Hall green roof soil was 40% scoria,
40% pumice, and 20% compost by volume.
Retention was reported as 99.3 and 96.2% for light rain events (< 2 mm/storm) in
growth media-only and vegetated soil retained 82.3 and 82.9% for medium rain events,
respectively. In this Albuquerque study the soil retained 100% for all light and medium
rain events.

The difference in the retention rates between the two studies may be

explained by a difference in the antecedent conditions prior to the rain events (the
antecedent conditions in the Albuquerque study were much drier) and the difference in
the depth of the substrates (2.5 cm in the VanWoert et al. study vs. 23 cm in the
Albuquerque study). For 27 heavy rain events (> 6 mm), VanWoert et al. calculated
retention at 38.9 and 52.4% for media-only and vegetated soil, respectively. In this Pearl
Hall lysimeter study, only 8 precipitation events were greater than 6 mm. VanWoert et
al. recorded a total of 162 measurable precipitation events over the 430 days of their
study. This study recorded 28 total precipitation events over 243 days. The precipitation
events recorded in this study are shown in Figure 11 in the results section and illustrate
the variety of precipitation events beginning in May and ending in December, 2008.

Runoff and Retention
During this study’s monitoring period only two rain events produced a discharge
through the drain at the bottom of the lysimeter. The aggregated total of the heavy rain
events (> 6 mm) was 149.86 mm. The calculated precipitation volume for the heavy rain
events was 30.58 liters with 6.1 liters of collected runoff, which gives a total retention for
the heavy rain events of 80%. However, the two rain events that produced a water yield
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were both over 25 mm and for those two events, 38.1 mm and 28.96 mm, the retention
rate was 54 and 58% respectively. The heaviest rainfall that had 100% retention was
20.32 mm; this event was associated with an average soil moisture content of 0.08 m3/m3.
The majority of the heavy rain events happened during the monsoonal conditions
prevalent for the Albuquerque area during July and August when precipitation events
were recorded every two to three days.
The Albuquerque precipitation events varied from a recorded low of 0.51 mm to a
recorded high of 38.1 mm during the course of the study. Figure 16 illustrates the
changes in the daily average of volumetric soil moisture content and precipitation for the
study period. The soil moisture content in the top layer of substrate is the most sensitive
to precipitation but never reached saturation because of the high hydraulic conductivity of
the substrate. The middle and bottom layers of substrate did appear to reach saturation (~
0.4 m3/m3) after the 8 August 2008 precipitation event.
The difference in the data moisture content levels recorded by the top sensor and
the middle and bottom sensors is most likely due to high hydraulic conductivity and
evapotranspiration in the top three-inch layer. The moisture levels recorded by the
middle and bottom sensors were influenced by two factors that do not seem to influence
the top sensor. These two factors were the water retention mat and the substrate fines
that are trapped by water retention mat. During the preparation for the bulk substrate
mass analysis of the substrate, it was noted that fines had settled in the lower sections of
the saturated samples and were compacted in a manner akin to wet sand at the beach.
When dried, the fines become separate grains and were not cemented, as is beach sand
when above the waterline.
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Calibrated Daily Average Soil Moisture and Recorded Precipitation (m^3)
3 May through 31 December 2008, (Precipitation events noted are only events to produce a water yield)
Calibrate Top Sensor
0.45

4.5

0.40

4.0
8/8/08
Precipitation
2.9 cm

0.30

7/21/08
Precipitation
3.8 cm
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3.0

0.25

2.5

0.20

2.0
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0.10

1.0

0.05

0.5
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0.0
31 December 2008

Date (Days)

8 June 2008
Bottom Sensor

Middle Sensor

Precipitation (cm)

Soil Moisture (m^3/m^3)

0.35

Top Sensor

Precipitation

Figure 16: Volumetric Soil Moisture Content and Measured Precipitation during study period with the two precipitation events that produced a
water yield.
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Lysimeter Water Yield from Two Precipitation Events
There were two precipitation events that produced a water yield or discharge from
the lysimeter drain during the study; both events were observed from inside the building
near the model. The observer was 18 feet from the model during both events. The first
event was timed, the second event (see Figure 19) was not timed because the yield was
not a visible stream when it started or tailed off.

Figure 17: Transit time for precipitation through substrate to water retention mat and discharge on
8 August 2008

On 21 July 2008 a 3.81 cm monsoonal precipitation event occurred with a
resulting 3.6 liter water yield in approximately 15 minutes. The flow through the dry
substrate began with in minutes of the intense precipitation event and ended as abruptly
as the storm. Soil moisture as recorded by the top sensor prior to precipitation was 3.7 %
m3/m3and after precipitation started, peaked at 30% m3/m3 within five minutes; the soil
moisture as recorded by middle sensor prior to the precipitation event was 12% m3/m3
and peaked at 24% m3/m3within ten minutes, the middle sensor began registering the
increase in moisture in under 5 minutes of the event start; the soil moisture as recorded by
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the bottom sensor before the precipitation event was 0% m3/m3and peaked at 21%
m3/m3after twenty-eight hours. It was also observed that water was ponding on top of the
substrate during the intense part of the precipitation event. The volume of rain over the
physical model was 7.77 liters and the yield was 3.6 liters, which gives retention of 4.6
liters. Figure 18 is the hydrograph of the precipitation moisture moving through the
model.
Precipitation Event 21 July 2008 with Soil Moisture Sensor Response Time Averaged over
Five-Minute Intervals
0.35

Volumetric Soil Moisture (m^3/m^3)

0.3

0.25

0.2

0.15

0.1

0.05

0
7/21/08 9:36

7/21/08 14:24

7/21/08 19:12

7/22/08 0:00

7/22/08 4:48

7/22/08 9:36

7/22/08 14:24

7/22/08 19:12

7/23/08 0:00

Date and Time
Top Sensor

Middle Sensor

Bottom Sensor

Figure 18: Hydrograph of 21 July 2008 precipitation moisture moving through the model to reach
peak saturation as recorded by the bottom soil moisture sensor.

On 8 August 2008 a 2.9 cm precipitation event occurred with a resulting water
yield in approximately 35 minutes. The time between the beginning of the precipitation
event and the start of the water yield was calculated as shown in Figure 17. Soil moisture
as recorded by the top sensor, just below the surface of the substrate, was 6.2% m3/m3
prior to precipitation and peaked at 16% m3/m3 within five minutes; the soil moisture as
recorded by the middle sensor prior to the precipitation event was 27% m3/m3 and peaked
at 36% m3/m3 within ten minutes, the middle sensor began registering the increase in
moisture within 5 minutes of the event start; the soil moisture as recorded by the bottom
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sensor before the precipitation event was 24% m3/m3 and peaked at 34% m3/m3 within
twenty minutes. The volume of rain over the physical model was 5.91 liters and the yield
was 2.5 liters, which gives retention of 3.41 liters. Figure 19 is the hydrograph of the
precipitation moisture moving through the model.

Precipitation Event 8 August 2008 with Soil Moisture Sensor Response Time Averaged over
Five-Minute Intervals
0.4

Volumetric Soil Moisture (m^3/m^3)
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Date and Time
Top Sensor

Middle Sensor

Bottom Sensor

Figure 19: Hydrograph of 8 August 2010 precipitation moisture moving through the model to
reach peak saturation as recorded by the bottom soil moisture sensor.

The difference between these two events (21 July and 8 August 2008) is
noticeable in the volumetric soil moisture content recorded by the bottom sensor as
shown in Figures 18 and 19. In the first event (Figure 18) the peak moisture content was
recorded by the bottom sensor twenty-eight hours after the precipitation event and within
twenty minutes after the second precipitation event (Figure 19). Prior to the first event
the substrate contained zero moisture as recorded by the sensor, whereas before the
second event the substrate contained about fifty percent of the substrate moisture-holding
capacity (50 % of saturation is between 0.20 to 0.25 m3/m3 moisture content).

47

Performance of a Green Roof Lysimeter in an Arid Climate
August 2010

Rick Young

Pearl Hall Green Roof Water Balance
The changes in the moisture mass balance for the physical model of the Pearl Hall
green roof was in the change-in-storage term of the mass balance equation, except for the
two events that produced a water yield (96% storage of precipitation). The upper layer,
approximately three to four inches down from the surface, generally remained dry and
dried quickly after even heavy precipitation events. The middle and bottom layers,
approximately three to six inches below the surface, tended to stay moist and dry out
slowly after becoming saturated. It is likely that vegetation planted on the roof would dry
the middle and bottom layers more quickly through plant transpiration as the roots
penetrate these layers.

Application of Green Roof model data to Best Management Practice
In 2000, the USEPA released its Phase II Bumps for stormwater-related
construction and activities subject to the National Pollution Discharge Elimination
System (NPDES) regulations. These BMPs specify six minimum control measures.
1.
2.
3.
4.
5.
6.

Public Education
Public Involvement
Illicit Discharge Detection & Elimination
Construction
Post Construction
Pollution Preventions/Good Housekeeping
(http://cfpub.epa.gov/npdes/stormwater/menuofbmps/index.cfm)

Following is a brief review of these BMPs and their potential application to the
construction of green roofs in Albuquerque, NM:
1. Public Education:

Education of the public about green roofs and green

infrastructure would require a change in the public view that water is being wasted when
it is captured or diverted into groundwater recharge. Since this view is prevalent in
recent sorties in the Albuquerque Journal (example: Albuquerque Journal 2007a), it
would be logical to begin this effort with education of Albuquerque Journal contributors
and writers.
2. Public Involvement: Public involvement will likely have to engage the public
in cleaning up trash along roadways and low-volume stormwater runoff channels. Public
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involvement in trash pick-up and removal may mitigate the huge loads of toxic trash in
stormwater runoff before it passes through the filtration process as it goes into the City’s
new drinking water plant. It will be necessary to engage the public in helping to create
green infrastructure by planting trees, cleaning watersheds, and harvesting rainwater for
household irrigation.
3. Illicit Discharge Detection and Elimination: To meet the Illicit Discharge
Detection and Elimination control measure, Albuquerque will need to develop “a plan to
detect and address . . . illicit discharges”. Green infrastructure can help address this issue
by filtering stormwater before it reaches the river. The probable difficulty for the City
will be in identifying non-point-source-discharges.
4. Construction Site Stormwater Runoff Control:

In the Albuquerque area

construction site stormwater runoff could be mitigated by low impact development, green
roofs on new construction, and with minimal site disturbance.
5. Post-Construction Stormwater Management in New Development and
Redevelopment: In new development and redevelopment, green infrastructure and low
impact designs (such as green roofs, permeable pavement, water gardens, and infiltration
galleries) can be used to avoid the increase in impervious surface area that causes many
stormwater management challenges. Incentives could be provided to developers to help
build support for these building practices.
6. Pollution and Prevention/Good Housekeeping for Municipal Operations: The
following chart outlines a check list of possible pollutants that municipalities might have
to contend with from municipal operation:
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Figure 20: Common Municipal Pollutants, source: EPA 1999

Green roofs in Albuquerque would not necessarily have to be green in the
vegetated sense, but they could be “Green” in the infrastructure sense. As the data from
the green roof model suggests, a significant volume of water could be retained by green
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roofs, and the water-quality problems that result from the “first flush” of a storm surge
could be mitigated.

Pearl Hall Roof-Lysimeter: Stormwater Retention and Yield
Extrapolated to the Area of the Pearl Hall Green Roof.
In the Albuquerque area and throughout the southwest U.S., the summer
monsoons tend to bring short, high intensity thunderstorms. These storms can routinely
drop a large volume of water over a small area in a short time span.

Setting up

precipitation catchments or rainwater harvesting systems can capture enough water to
reduce the need to use potable water for outdoor irrigation. However, precipitation
events in arid and semi-arid climates are not a reliable irrigation water source and
therefore a vegetated green roof in this environment could need irrigation.
The precipitation data from the model was used to project the precipitation
retention rate from the 2.75 ft2 model to a 400 ft2 area, which is equal to the Pearl Hall
green roof area. The model’s data was used in three different calculations:
1. The theoretical precipitation that was retained by the green roof,
2. The theoretical water retained by the Pearl Hall roof from the two
precipitation events that produced a water yield recorded by the Pearl Hall
green roof lysimeter,
3. The theoretical water yield of the Pearl Hall green roof with and without
substrate.
The total precipitation recorded by the model rain gage was 6.4 inches; the
retention rate of the model was 96% or 6.14 inches. The volume of the precipitation
retained by the lysimeter was extrapolated to the area of the Pearl Hall green roof and
calculated as 205.5 ft3 of precipitation that was theoretically retained by the roof.
There were two precipitation events that produced a water yield of 0.13 ft3 and
0.09 ft3, respectively (see Table 5). The area of the lysimeter was 2.5 ft2 which is 0.325
and 0.225 ft3 volume of precipitation retained, respectively. The volume of water yield
for these two events, when extrapolated to the area of the Pearl Hall green roof, was 27
ft3 and 22 ft3.

The total precipitation for these two events was 0.27 and 0.21 ft3,

respectively, and with retention of 46 and 42% of the rain, calculates to 0.12 ft3 and 0.1
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problems, especially in urban settings with large impervious areas. The effectiveness of
green roofs in solving these problems has been studied primarily in wet to moderately
wet climates. This study is a preliminary study adding to the sparse research that has
been performed in arid or semi-arid climates. This paper has described an evaluation of
the applicability of green-roof technology in arid and semi-arid environments, as well as
the analysis of data collected from a physical model of a green roof that was monitored
for one year under climatic conditions typical of Albuquerque, New Mexico. The data
collected included: volumetric soil moisture content at three depths in the lysimeter, over
extended dry periods interspersed with monsoonal precipitation events; bulk analysis of
the substrate, and a water balance for the soil. This study found that a physical model of
the roof retained 96% of the total precipitation that fell on the lysimeter.
Green Roofs in arid and semi-arid regions, such as Albuquerque, New Mexico are
a dilemma. The New Mexico Office of the State Engineer, by policy, promotes the
residential and commercial use of harvesting rooftop precipitation for on-site landscape
irrigation. The NM OSE policy states “the collection of water harvested in this manner
should not reduce the amount of runoff that would have occurred from the site in its
natural, pre-development state. Harvested rainwater may not be appropriated for any
other use.” The dilemma, as discussed in this paper, is choosing the most beneficial use
of the harvested water. As a stormwater management tool, green roofs individually and
in combination with green infrastructure, are being encouraged by the U. S. EPA as a
preferred method of onsite retention and delay of stormwater runoff. Conversely, the
New Mexico State Engineer is constrained by Interstate Compacts mandating
downstream surface water deliveries. Precipitation falling on green roofs and green
infrastructure has the potential to negatively impact the State Engineers ability to meet
these downstream obligations.
Retrofitting an existing building to carry the weight of a green roof will usually
cost more than building a new building of the same size. There are many extra costs that
are not known until remodeling begins (Young 2010).
As the population in arid and semi-arid climates continues to expand, the loss of
desert to increased impervious area will continue. The increase in stormwater due to
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urban expansion could be mitigated through the use of green roofs and green
infrastructure.
The results of this study suggest that green roofs or eco-roofs in arid and semiarid climates, with or without vegetation, can aid in urban stormwater management. The
precipitation events recorded during this study were typical of precipitation in the
southwestern United States.

Most precipitation events were mild or low-intensity

precipitation, except during the monsoon season. During the 2008 monsoon season, two
localized rains of over 25 millimeters were delivered in less than twenty minutes to the
study lysimeter. As a storm surge in an urban area this volume of water demands an
extensive stormwater management system to carry it away. The two storms over 25
millimeters, which were the only storms to produce a water yield through the lysimeter’s
drain, retained 46 and 42 percent of the precipitation and delayed the surge by
approximately five and twenty-five minutes respectively; all other precipitation events
were fully retained by the physical model. The retention and delay of runoff is a
principle goal of the current stormwater best management practices (BMPs) being
encouraged by the U.S. Environmental Protection Agency.
Green roofs in arid and semi-arid climates could be an integral component of a
redefinition of urban watersheds. The US EPA has named stormwater runoff as the
major polluter of lakes, streams, and rivers.

The EPA is recommending Green

Infrastructure and Low Impact Development, of which green roofs are a part, as the most
effective way to lessen stormwater pollution. Green roofs can slow down and filter
stormwater before it enters the stormwater sewer system and should benefit the
metropolitan area with cleaner runoff and lessen impervious infrastructure construction,
maintenance and operation costs.
Recommendation for Further Research
Are the data collected for this study of the Pearl Hall green roof reproducible on a
larger scale and using equipment with greater precision?
If the study were to be reproduced, a more accurate data collection system should
be used, including quantifying water yield over time. The precipitation gage should also
be capable of recording the time and intensity of precipitation events. Bernd Leinauer
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(2009) suggested that a different type of soil sensor, of higher quality and price, would
give more accurate soil moisture content data with less noise.
Further study of the moisture retention properties of the substrate should be done
to determine a wilting point for various types of vegetation likely to be used on green
roofs in arid and semi-arid environments. The wilting point results could then be paired
with the precipitation trends of the area to pre-calculate irrigation requirements for a
vegetated green roof.
A follow up study to this preliminary study should also be carried out on a roof
top, with at least three separate scale-model substrate beds. Each bed should have
moisture sensors, a precipitation gage, and water yield gage as in VanWoert et al. (2005).
Some of the beds should have vegetation to compare soil moisture content and
evapotranspiration. The roof should also have a weather station collecting reliable data,
such as wind speed, relative humidity, etc.
Another refinement could pair temperature sensors with soil moisture sensors at
depth to quantify the changes in moisture content with temperature change.
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Appendix C:
Recorded Precipitation 2008 & Lysimeter Area Calculations
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Appendix D:
Rio Grande Compact Commission Report (2003)
Discharge of Rio Grande at Otowi Bridge and
Elephant Butte Effective Supply
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Climatology for Albuquerque NM
Lat=35.0N Lon=106.4W Elevation=5104 feet
Number of years available from 1961 to 1990: 30
Maximum temperature 1961 to 1990: 105 F
Minimum temperature 1961 to 1990: -17 F
Mean Annual Precipitation: 8.9 inches
Mean Annual Snowfall: 11.4 inches

http://www.esrl.noaa.gov/psd/cgibin/data/usclimate/city.pl?state=NM&lane=slow&itypea=1&.cgifields=itypea&loc.x=227&loc.y=173
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Albuquerque NM chance precipitation, wind speed and sunshine
Lat=35.0N Lon=106.4W Elevation=5104 feet
Number of years available from 1961 to 1990: 30
Annual average chance of precipitation: 17.1%%
Annual average wind speed: 9.1 mph
Annual average percent of available sun: 75.9%

http://www.esrl.noaa.gov/psd/cgibin/data/usclimate/city.pl?state=NM;lane=slow;itypea=3;loc.x=227;loc.y=173;.cgifields=itypea&City=346

See also Gutzler, David, PhD, Water and Drought in the 21st Century,
http://www.lwvnm.org/Water/Gutzler.pdf
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